Using indo-I, a fluorescent Ca2 + indicator, in vivo fluorometric measurements were made of changes in cytosolic free Ca2+, NAD/NADH redox state, and he modynamics directly from the cat cortex during and after severe insulin-induced hypoglycemia. Cytosolic free Ca2 + started to increase when the EEG became isoelec tric, remained at a significantly high level (p < 0.05) dur ing the period of isoelectric EEG (IEEG), and recovered to the control level 6 min following an intravenous infu sion of glucose. The NAD/NADH redox state oxidized significantly during IEEG and then recovered rapidly to the control level after the glucose infusion. Local cortical blood volume (LCBV) increased gradually during the pro gression of hypoglycemia, reaching the maximal level (146 ± 7%) at the end of IEEG, and then started to re-Because glucose is normally the major fuel of the brain and little glucose and glycogen are stored in the brain, severe hypoglycemia produces significant derangements in CNS function, leading to coma and irreversible neuronal damage. The biochemical mechanisms underlying hypoglycemic brain dam age are the focus of widespread investigation. The level of ATP in the tissue remains more than one third of the normal value even at the initiation of an isoelectric EEG (IEEG) (Agardh et aI., 1978(Agardh et aI., , 1981 
Summary Using indo-I, a fluorescent Ca2 + indicator, in vivo fluorometric measurements were made of changes in cytosolic free Ca2+, NAD/NADH redox state, and he modynamics directly from the cat cortex during and after severe insulin-induced hypoglycemia. Cytosolic free Ca2 + started to increase when the EEG became isoelec tric, remained at a significantly high level (p < 0.05) dur ing the period of isoelectric EEG (IEEG), and recovered to the control level 6 min following an intravenous infu sion of glucose. The NAD/NADH redox state oxidized significantly during IEEG and then recovered rapidly to the control level after the glucose infusion. Local cortical blood volume (LCBV) increased gradually during the pro gression of hypoglycemia, reaching the maximal level (146 ± 7%) at the end of IEEG, and then started to re-Because glucose is normally the major fuel of the brain and little glucose and glycogen are stored in the brain, severe hypoglycemia produces significant derangements in CNS function, leading to coma and irreversible neuronal damage. The biochemical mechanisms underlying hypoglycemic brain dam age are the focus of widespread investigation. The level of ATP in the tissue remains more than one third of the normal value even at the initiation of an isoelectric EEG (IEEG) (Agardh et aI., 1978 (Agardh et aI., , 1981  cover. The mean transit time (MTT) through the cortical microcirculation was shortened during the IEEG (con trol: 3.84 ± 0.41 s versus IEEG: 2.73 ± 0.17 s, p < 0.05), whereas it was prolonged during the 30-min recovery pe riod (5.68 ± 0.58 s, p < 0.05). Local cortical blood flow calculated from the LCBV and MTT showed a twofold increase 5 min into IEEG (201 ± 27% of control, p < 0.05), recovered 15 min into the recovery period, and then decreased to 77% of control (p < 0.05) by 30 min. The data support the hypothesis that hypoglycemic brain damage might be mediated by an elevation of cytosolic free calcium. Key Words: Cortical blood flow-Cytosolic free calcium-Fluorometry-Hypoglycemia-Indo-l NAD/NADH redox state. Ghajar et aI., 1982; Harris et aI., 1984) due mostly to the use of other endogenous substrates for the en ergy production (Norberg and Siesj6, 1976; Agardh et aI., 1981; Wieloch et aI., 1984) . Consequently, cerebral oxygen consumption is not as depressed as would be expected from the degree of depression of glucose use (Bryan and J6bsis, 1986) . Cerebral blood flow has been reported to be either unaltered (Kety et aI., 1948; Cilluffo et aI., 1982) or increased (Norberg and Siesj6, 1976; Abdul-Rahman et aI., 1980) during severe hypoglycemia. Thus, hypoper fusion does not appear to be the cause of the neu ronal damage. Recent experimental evidence has suggested one attractive hypothesis, i.e., that as partate, one of the excitatory amino acids, which was found to be increased in the CSF and extracel lular space during hypoglycemia, might play a caus ative role in mediating the hypoglycemic neuronal injury (Wieloch, 1985; Auer, 1986; Engelsen et aI., 1986; Sandberg et aI., 1986) . Excess aspartate will excite the neurons, eliciting the seizure activity fre-quently seen during severe hypoglycemia. Further more, activation of N-methyl-D-aspartate (NMDA) receptors can cause a massive influx of Ca 2 + into the neurons (Heinemann and Pumain, 1980; Mac Dermott et aI., 1986) , producing Ca 2+ -related neu ronal injury (Garthwaite and Garthwaite, 1986 ). An other route of Ca 2 + entry, namely voltage dependent Ca 2+ channels, has been suggested by Harris et a1. (1984) , who showed that extracellular Ca 2 + activity started decreasing during the depolar ization that occurred around the IEEG during se vere hypoglycemia. It has not been demonstrated that cytosolic free Ca 2+ ([Ca 2+ ]i) increases during severe hypoglycemia, thereby overcoming such in tracellular homeostatic mechanisms as the seques tration of Ca 2 + by the mitochondria and/or the en doplasmic reticulum and Ca 2+ buffering within the cytosol.
The present study was designed to investigate the time course of changes in [Ca 2+ l, NAD/NADH re dox state, and hemodynamics directly from the cat cortex during severe hypoglycemia and the recov ery period using a newly developed in vivo fluoro metric technique (U ematsu et al. , 1988a, 1988b) .
METHODS

Animal preparation
Details of the animal preparation have been described elsewhere (Uematsu et aI., 1988a (Uematsu et aI., , 1988b . In brief, adult male cats (2.5-3.6 kg) fasted 24 h before surgery were anesthetized by inhalation of halothane at induction and maintenance doses of 5.0 and 1.0%, respectively. The animals were tracheotomized and the respiration was controlled with a ventilator (Model 622, Harvard Appa ratus, Millis, MA, U.S.A.) after immobilization with gal lamine triethiodide (3 mg/kg i. v., F1axedil, American Cy anamid Co., Pearl River, NY, U.S.A.). Both femoral ar teries and one femoral vein were catheterized for monitoring arterial blood pressure, for analyses of arterial blood gases (Pao 2 , Paco 2 , and pH) and glucose concen trations, and for administration of drugs. The left lingual artery was cannulated; 0.5 ml of saline was injected as a bolus into this cannula intermittently in order to obtain cerebrovascular hemodilution curves. The rectal temper ature was maintained at 37°C by means of a heating lamp with feedback control via a rectal thermometer. After fix ation of the animal's head in a stereotaxic frame, a burr hole was drilled over the left middle ectosylvian gyrus, and the dura and part of the pia-arachnoid membrane were incised micro surgically to expose the cortical sur face. A quartz cranial window equipped with silver EEG electrodes and inlet-outlet tubing was inserted into the burr hole and sealed with dental cement. The space be neath the cranial window was filled and superfused con tinuously with artificial cerebrospinal fluid of the follow ing composition and pH: Na 140 mM, K 2.5 mM, Ca 1.5 mM, Mg 1.0 mM, CI 130 mM, HC03 14.5mM, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 10 mM, and pH 7.35 at 37°C. Vol. 9, No.2, 1989 Fluorescence measurements Artificial cerebrospinal fluid (ACSF) containing 7 IJ-M indo-l acetoxymethyl ester (Indo-I-AM, Molecular Probes Inc., Eugene, OR, U.S.A.) was superfused over the cortical surface for 2 h. The membrane-permeant indo-l-AM diffuses into the neuronal cells and is hydro lyzed by the action of cytoplasmic esterase to the mem brane-impermeant indo-I, which is trapped in the cells as a specific Ca2 + indicator. The remaining extracellular dye was then washed out by superfusion with ACSF for 30 min. After the loading procedure the cortex has been shown to be dyed with indo-l to a depth of -500 IJ-M (Uematsu et aI., 1988b) .
Methodological details of in vivo fluorometric measure ment using indo-l have been described elsewhere (Ue matsu et aI., 1988b) . Ultraviolet excitation light (340/12 nm) was focused onto the small cortical area, and indo-I-Ca2 + fluorescence (400 and 506 nm), NADH flu orescence (464 nm, an isosbestic point of the indo-I spec tra), and ultraviolet reflection (340 nm) were selectively recorded by four photomultiplier tubes with appropriate barrier filters. The ultraviolet reflection is inversely re lated to local cortical blood volume (LCBV) (Harbig et aI., 1976) . The indo-I-Ca2 + signals and the NADH signal were corrected for the changes in LCBV based on the cerebrocortical hemodilution curves as described previ ously in detail for the measurement of NADH fluores cence (Harbig et aI., 1976) . The indo-l-Ca2 + signals were also corrected for changes due to NADH fluorescence based on the relative contribution of NADH fluorescence to each Ca2 + signal (Uematsu et aI., 1988b) . The basal indol-l-Ca2 + fluorescence level in the cortical area of in terest was determined by subtracting the preloading autofluorescence level from the fluorescence level reached after indo-l loading. The corrected signal ratio (400/506 nm), termed Ca2 + signal ratio, was calculated and used as a measure of changes in intracellular free calcium. The hemodynamic parameters, including LCBV (percent of control), vascular mean transit time in sec onds (MTT), and local cortical blood flow (LCBF, per cent of control), were determined as described previously (Dora et aI., 1986) . The MTT was assessed from the he modilution curve by means of the area over height anal ysis, and the LCBF was calculated by dividing the LCBV by MTT (Meier and Zierler, 1954) . Each channel of the fluorometer was calibrated with an electronically gener ated constant signal, where the 100-m V change corre sponds to a change of 1 arbitrary unit (A. U.) in the optical signals.
Experimental protocol
Two hours before starting the fluorescence recording, 100 IU/kg regular insulin (Novo, Bagsvaerd, Denmark) was injected intraperitoneally. Arterial glucose concen trations were determined every 2�30 min using a glucose analyzer (Beckman Instruments Inc., Brea, CA, U.S.A.). After the indo-l loading and washing procedure, 20 min were allowed for stabilization of the optical signals before recording was begun. To minimize the photobleaching of indol-l-Ca2 + fluorescence, the optical measurements were made intermittently every 2-10 min for 3 s. Ten minutes into IEEG, 2 mmol glucose in 2 ml saline was slowly infused intravenously and all optical signals were followed during the subsequent 30-min recovery period. The MTT and LCBF were determined at 5 min into the fluorescence recording (control), 5 min into IEEG, and 15 and 30 min after infusion of glucose. At the end of each experiment, I fLM ionomycin (Calbiochem, Behring Di agnostics, La Jolla, CA, U.S.A.), 10 mM EGTA (ethyleneglycol-bis-N,N,N' ,N' -tetraacetic acid, Sigma, St. Louis, MO, U.S.A.), and 5 mM MnCI 2 were serially superfused over the exposed cortex via the inlet tubing of the cranial window. Ionomycin enhances the permeabil ity of plasma membrane to Ca 2 +, whereas EGTA po tently chelates extracellular Ca 2 +. Manganese ion can quench the intracellular indo-l fluorescence. Ionomycin, EGTA, and MnCI 2 were dissolved in an intracellular buffer solution as described previously (U ematsu et aI., 1988a) .
Data analysis
Data analyses were performed on 6 animals in which IEEG developed within 90 min after the initiation of flu orescence measurements. One animal was excluded be cause the EEG started deteriorating before the optical measurement. Statistical analyses were performed using Student's two-tailed paired t tests or Wilcoxon's signed rank tests as appropriate. All values were expressed as the mean ± SEM.
RESULTS
Physiological parameters and EEG changes
Data on plasma glucose concentrations, MABP, and arterial blood gas analyses are summarized in Table 1 . Arterial blood pressure remained fairly constant throughout the experiment and there was no significant difference in arterial blood gas values among the measurements. The EEG showed marked depression of amplitude at a glucose con centration of 0. 89 ± 0. 08 mmollL and became iso electric (IEEG) at 0. 67 ± 0. 11 mmol/L. A burst sup pression pattern of EEG, characterized by a burst of spikes with an intermittent isoelectricity (Lewis et al., 1974; Feise et aI., 1976; Tossman et aI., 1985) appeared in four of six cases before the continuous IEEG and in three cases after the glucose infusion. Arterial glucose concentrations recovered to 7. 73 ± 1. 00 mmollL and 6. 08 ± 1. 45 mmol/L at 15 and 30 min after glucose infusion, respectively (Fig. 1) .
Changes in cytosolic free calcium
Changes in Ca 2 + signal ratio during severe hypo glycemia and the recovery period are shown in Fig.   1 , in which the initiation of IEEG was used as the point for alignment of the time courses from each animal. The Ca 2+ signal ratio (control: 1. 39 ± 0. 02, n = 6) started to increase around the IEEG point, reaching a statistically significant level 2 min into the IEEG (1. 61 ± 0. 10, p < 0. 05) and remaining elevated until the end of IEEG 0. 63 ± 0. 12, P < 0. 05). The Ca 2+ signal ratio started to recover im mediately after the glucose infusion, reaching the control level 6 min later (1. 37 ± 0. 06). At the end of the experiment, superfusion with 1 f.LM ionomycin raised the [Ca 2+ ]j signal to 2. 30 ± 0. 18 and the sub sequent application of EGT A reduced it to 1. 13 ± 0. 03.
Changes in NADINADH redox state
The NAD/NADH redox state tended to gradually oxidize before the IEEG and reached a statistically significant oxidized level (83 ± 7 A. U.) by the be ginning of IEEG. The oxidation persisted through out the IEEG period. Immediately after the glucose infusion, the NADINADH redox state recovered to the control level (Fig. 2) . Hemodynamic changes LCBV increased gradually as the blood glucose level fell, reaching a significant increase to 134 ± 8% of control (p < 0.05) at the initiation of IEEG. The LCBV continued to increase during the isoelec tric period reaching 146 ± 7% at the end of IEEG and then gradually recovered after the glucose in fusion (Fig. 3) . The MTT was shortened during the IEEG period (2.73 ± 0.17 s, p < 0.05) compared with the control value (3.84 ± 0.4 1 s). It was pro longed at 15 min (5.08 ± 0.59 s) and 30 min (5.68 ± 0.58 s, p < 0.05) into the recovery period (Fig. 4A) . The calculated LCBF (LCBV/MTT) increased to 20 1 ± 27% of the control level (p < 0.05) 5 min into the IEEG period, followed by a recovery (103 ± 12%) and then a mild decrease (77 ± 7%, p < 0.05) at 15 and 30 min into the recovery period, respec tively (Fig. 4B ).
DISCUSSION
We recently developed an in vivo fluorometric technique using quin-2 to measure changes in [Ca 2 +]j directly from the cat cortex (Uematsu et aI., 1988a) . We have modified the method substituting indo-l for quin-2 so that simultaneous measure ments could be made of changes in [Ca 2 +L NADI NADH redox state, and hemodynamic parameters (Uematsu et aI., 1988b) . Indo-I, a new fluorescent Ca 2 + indicator (Grynkiewicz et aI., 1985) , exhibits two emission peaks depending on Ca 2 + concentra tions and one isosbestic point, which is useful for the measurement of NAD/NADH redox state be cause this point is insensitive to Ca 2 + changes and close to the emission peak of NADH fluorescence as well. Judging from the dye penetration into the cortex (U ematsu et aI., 1988b) and from the previ ous in vivo flu oro metric studies (Chance et aI., 1962; J6bsis et aI., 1971) , the fluorometric signals derive mainly from the first through the third corti cal layers. We are measuring mean changes in [Ca 2 +]j from both neuronal and glial cells.
The most striking finding in the present study is that intracellular free calcium increases throughout the IEEG period during insulin-induced severe hy poglycemia. Harris et aI. (1984) have already shown that extracellular Ca 2 + ([Ca 2 + ]e) starts to decrease around the onset of IEEG accompanied by depolar ization during severe hypoglycemia. The authors also indicated that levels of ATP and energy charge at the time of depolarization were still 63 and 77% of control, respectively. This energy level appears to be much higher than that during severe ischemia, and oxygen supply is not interrupted during hypo glycemia. It is likely, therefore, that the mitochon dria and/or endoplasmic reticulum can continue to accumulate Ca 2 + (Bygrave et aI., 1985) and that the Ca 2 + pump and/or Ca 2 + -Na + antiport system (Schatzmann, 1985) are still partially operating to maintain Ca 2 + homeostasis. In fact, Harris et aI. (1984) found a partial recovery of [Ca 2 +]e 30--120 s after the first depolarization. More recently, Simon et aI. (1986) reported an important histochemical study showing that the cellular alterations in the rat hippocampus after severe hypoglycemia differ in character and distribution from those produced by ischemia and that the mitochondrial calcium accu mulation was not prominent in these cells. Siesj6 and Deshpande (1987) have also demonstrated that the calcium content in the rat parietal cortex re mains unchanged during, and up to 24 h after, se vere hypoglycemia despite an appreciable plasma to-extracellular-fluid Ca 2 + gradient. It seems diffi cult to make a direct comparison between these results and the present findings, because the level of [Ca 2 +]e or the total tissue calcium content does not necessarily reflect [Ca 2 +]j owing to the intracellular homeostatic mechanisms. To investigate a possible role of Ca 2 + in hypoglycemic brain damage, it is crucial to measure the time course of changes in [Ca 2 +]j. In this study, we found a reversible but a significant increase in the [Ca 2 +]j signal ratio during the IEEG period. Further study is required on al terations in the [Ca 2 +]j during a longer period of severe hypoglycemia and on their relationship to the histological changes in the same cortical region.
Recent accumulating evidence has suggested that excitatory amino acids such as aspartate and gluta mate are released extracellularly during severe hy poglycemia, potentially playing a role in the neuro nal injury. Sandberg et aI. (1986) have shown that both aspartate and glutamate levels are elevated during the hypoglycemic IEEG period, with a rela-tively higher increase in aspartate compared with glutamate, presumably due to an increased trans amination of tissue glutamate to aspartate. The el evation of excitatory amino acids in the extracellu lar space has been attributed to presynaptic release accompanied by depolarization, and to a disturbed uptake system. Wieloch (1985) has reported that lo cal injections of an NMDA receptor antagonist, 2amino-7-phosphonoheptanoic acid, can greatly at tenuate the neuronal necrosis 1 week after insulin induced hypoglycemia. Furthermore, removal of the glutamatergic corticostriatal projections by cor tical ablation ameliorates hypoglycemic damage in the striatum (Wieloch et aI., 1985) . The mechanism underlying excitotoxic neuronal injury has been re lated to Ca 2 + -induced cellular injury, because a massive Ca 2 + influx would be expected through the NMDA-operated ion channels during the activation of NMDA receptors (MacDermott et aI., 1986) . In fact, in vivo activation of the cortical NMDA recep tors induces an increase in [Ca 2 +]j (Uematsu et aI., 1989) . Normal levels of calcium ion are essential for normal neuronal function, regulating numerous en zymes, neurotransmission, and axonal transport, whereas an excessive elevation of [Ca 2 +]j can ini tiate several injurious processes in the neurons (Siesj6, 1981; Farber, 1981) . Two major routes of Ca 2 + entry during severe hypoglycemia can be pos tulated; the voltage-dependent Ca 2 + channels opened on depolarization due to an energy failure, and the receptor-operated Ca 2 + channels opened by the excitatory amino acids (Miller, 1987) . The present study provides direct evidence to indicate an increase in [Ca 2 +]j during severe hypoglycemia.
The NAD/NADH redox state tended to be oxi dized before IEEG, exhibiting a significant oxida tion during IEEG and returning to the control level shortly after glucose infusion. The findings are in good agreement with the data of Bryan and J6bsis (1986) , who found a gradual oxidation of NADH during severe hypoglycemia and a recovery after glucose infusion. The oxidation can be explained by an insufficient supply of reducing equivalents to the mitochondrial respiratory chain. Further oxidation during IEEG may also reflect energy consumption related to the mitochondrial Ca 2 + uptake (Chance, 1965) .
Consideration should be given to differences in the underlying physiological and biochemical mech anisms between ischemic and hypoglycemic brain damage. In contrast to ischemia, CBF has been re ported to be either unaltered (Kety et aI., 1948; Cil luffo et aI., 1982) or increased (Norberg and Siesj6, 1976; Abdul-Rahman et aI., 1980) during hypogly cemia. Our results are in good agreement with the latter finding in that we found a twofold increase in cortical blood flow during the period of IEEG and a decrease in LCBF 30 min after recovery. Cortical blood volume increased significantly during hypo glycemia, indicating a dilation of the cortical capac itance vessels. Vascular mean transit time was shortened during IEEG followed by a prolongation during the recovery period, indicating a dilation and constriction, respectively, of the resistance vessels. The mechanism of the hypoglycemic vasodilation remains uncertain; tissue acidosis does not develop at any stage of hypoglycemia and perivascular K + activity remains low until depolarization occurs (Lewis et aI. , 1974; Astrup and Norberg, 1976) . Fur ther study is required to elucidate the mechanisms of the hemodynamic changes observed during hy poglycemia. Cellular acidosis accompanied by an increase in lactate has been considered as a caus ative factor for ischemic brain damage (Siesjo, 1981; Plum, 1983) . By contrast, during hypoglyce mia brain pH remains unchanged (Feise et aI. , 1976; Cilluffo et aI. , 1982) and lactate decreases due to catabolism of endogenous substrates (Agardh et aI. , 1978; Engelsen et aI. , 1986) , making these factors unlikely candidates to account for hypoglycemic brain damage.
In conclusion, the present study has demon strated for the first time a significant increase in cytosolic free calcium in the cortex during severe hypoglycemia, suggesting a role for calcium in hy poglycemic brain injury.
